
Europa’s Atmosphere and Plumes 
Through Ultraviolet Observations 

Lorenz Roth 

KTH Royal Institute of Technology, Sweden

Southwest Research Institute, TX


	
Joachim	Saur,	Kurt	Retherford,	Darrell	Strobel,	

Paul	Feldman,Melissa	McGrath,	Francis	Nimmo,	
John	Spencer,	Nickolay	Ivchenko	



Outline

1.  Jupiter’s moon Europa!

& Upcoming missions!



2.  HST ultraviolet observations:!
Discovery of Europa’s O2 atmosphere 
and H2O plume detection!



3.  Results from the 2014/2015 HST 
campaign and future prospects
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ESA’s Jupiter Icy 
Moon Explorer (JUICE)


•  11 instruments onboard

•  Launch planned for 2022

•  Arrival at Jupiter in 2030

•  2 close Europa flybys

•  Into orbit around Ganymede (2033) 

after Jupiter orbit phase

Credits ESA




NASA’s Europa multiple-flyby mission


NASA / JPL


•  9 science instruments

•  Possible launch date in 2022 (or 2025)

•  2-year or 7-year cruise to Jupiter
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•  Goal:	Explore	Europa	to	inves0gate	its	habitability	

•  Objec,ves: 	 	 		

–  Ice	Shell	&	Ocean:	Characterize	the	ice	shell	and		
any	subsurface	water,	including	their	heterogeneity,		
ocean	properFes,	and	the	nature	of		
surface-ice-ocean	exchange	

–  Composi0on:	Understand	the	habitability		
of	Europa's	ocean	through	composiFon		
and	chemistry	

–  Geology:	Understand	the	formaFon	of	surface		
features,	including	sites	of	recent	or	current	acFvity,		
and	characterize	high	science	interest	localiFes	

–  Reconnaissance:		Characterize	scienFfically		
compelling	sites,	and	hazards,	for	a	potenFal		
future	landed	mission	to	Europa	

Europa	Mul0-Flyby	Mission		
Science	Goal	&	Objec0ves	

The	Europa	Mission	will	provide	an	in	depth	look	at	Europa’s	ice-shell-covered	ocean,	
plumes,	surface	chemistry,	and	geophysics;	iden,fying	sites	for	future	explora,on.	



2. Hubble UV observations: 
O2 Atmosphere and H2O plumes 




O2 atmosphere detected with UV aurora spectra 


•  HST/GHRS FUV spectrum revealed!

oxygen emissions from the atmosphere

•  OI1356 Å / OI1304 Å ratio of ~2 is 

diagnostic for:!
       e- + O2  →  O*  →  O + hv (OI)!
!
➤ O2 atmosphere / exosphere





Hall et al. 1995


Hall et al. 1995
 Johnson et al. 2004
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Saur et al. 2011


Irregular aurora morphology – 
hint for plumes?


•  1999: First aurora images taken 
by Hubble’s Space Telescope 
Imaging Spectrograph (STIS)


•  Possible causes for irregular 
aurora morphology:!
➤ Inhomogeneous electron !
    environment!
➤ Atmospheric inhomogeneity


•  HST/ACS images 2008:!
- High noise – low signal!
- Hints of plumes?!
!



McGrath et al. 2004 / Saur et al. 1999


OI 1356 Å	

e- + O2  →  O*  →  O + hv (OI)	
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FUV imaging spectroscopy with HST / STIS 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FUV imaging spectroscopy with STIS 



•  Aurora from global oxygen atmosphere:

–  e- + O2 → O* → hvO !

  OI 1304 Å  :  OI 1356 Å
 
~ 
1 : 2

–  e- + O  → O* → hvO!

  OI 1304 Å  :  OI 1356 Å
 
~ 
1 : 0.4

•  O /H Fluorescence - O1304 Å / H1216 Å

•  December 2012:!

Coincident local OI 1216 Å and 1304 Å surpluses

–  e- + H2O   →   H* / O*   →   hvH / hvO !

HI 1216 Å : OI 1304 Å : OI 1356 Å !

       20    :         1       :    0.3  
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5-orbit images series
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nm•  Local H Lyman-α and O 1304 Å emission surplus time-stationary


•  Persistency indicates atmospheric inhomogeneity

•  Surpluses consistent with two ~200 km high water vapor plumes 

with column densities of N ~ 1020 H2O/m-2!
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Tidal Forces Controlling Enceladus’ Jets 



ASA/JPL-Caltech/University of Arizona/Cornell/SSI
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As reported last year:  5 Visits - one detection 



•  Plume activity connected to tidal stresses on surface fractures?

•  Roth et al., "Orbital apocenter is not a sufficient condition for HST/

STIS detection of Europa’s water vapor aurora", PNAS, 2014


Pericenter! Pericenter! Apocenter! Apocenter! Apocenter!
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3. Results from the 2014/2015 
HST Europa UV campaign 

 and future prospects




2014/2015 Cycle 22 HST Europa campaign: 
15 aurora / emission visits
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Maximum Ly-α:!
300 R 

Constraint on H2O 
abundance:!
N < 0.8 x 1016 cm-2 



Dec 2012: !
600 R Ly-α  !
NH2O ~1.5x1016 cm-2 
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Ly-α limb surpluses for all 20 visits!
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Apocenter


No		confirmFon	
of	water	vapor	

plumes	

Apocenter




Oxygen aurora from global O2 atmosphere 
correlated to magnetospheric environment


OI 1356 Å 
 OI 1304 Å 


1.  Brightness decreases with distance to the plasma sheet

2.  Bright emission symmetric around ‘magnetic’ poles

3.  Hemisphere that is facing the plasma sheet is brighter 


Jupiter	

Europa	
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1. Brightness variations 
Consistent dependence on plasma sheet distance


•  Brightness decreases with 
distance!



•  Fit for latitudinal plasma 
sheet profile (dashed): 
Characteristic length scale of 
Hc = 1.7 RJ!



•  Consistent with density 
profile of Bagenal & Delamere 
(2011)
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population of the Io plasma torus could produce most of Europa’s
O2. But, this cooler population is easily diverted by the electrody-
namic interaction with Europa and prevented from reaching the
surface. This feedback has not been adequately explored. The lack
of evidence for plumes on subsequent HST observations (Roth
et al., 2014b) and the claim by Shemansky et al. (2014) of a very
weak atmosphere raise further debates about atmospheric pro-
cesses at Europa.

The purpose of this paper is to present a summary of current
knowledge of the plasma environment near Europa’s orbit to
enable deeper studies of the plasma interaction with the moon
and its atmosphere. Section 2 surveys what we know about the
outer regions of the Io plasma torus from remote sensing tech-
niques. In Section 3 we survey in situ measurements of plasma
conditions from the Voyager, Ulysses and Galileo spacecraft
obtained between 8.9 and 9.9 RJ. In Section 4 we present our cur-
rent understanding of the Io–Europa plasma environment from
models of the physical chemistry in this region. In Section 5 we
take three sample cases (hot, low density; medium; cold, high den-
sity) and extrapolate the plasma along the magnetic field under
various model assumptions about the ion distribution functions
to predict the possible range of conditions Europa might experi-
ence as the plasma sheet flaps over the moon. We also compare
the observed and model variations in electron density with longi-
tude. Finally, in Section 6 we present a summary of the ranges of
plasma conditions predicted at Europa’s orbit.

2. Remote sensing

2.1. Torus emissions

Ground-based telescopic detections of emissions (at visible
wavelengths) from S+ (Kupo et al., 1976) and O+ (Pilcher and
Morgan, 1979) gave the first indication that Io is a substantial
source of plasma. As Voyager approached Jupiter in 1979, the UV
Spectrometer reported strong UV emissions from the Io plasma
torus (Broadfoot et al., 1979). Emissions from this dense (electron
density Ne ! 2000–4000 cm"3) plasma have been monitored across
the spectrum (reviewed by Thomas et al. (2004) and Schneider and

Bagenal (2007)). Observations in the ultraviolet include semi-
continuous observations of several months by the Cassini
Ultraviolet Imaging Spectrograph (UVIS, Steffl et al., 2004a,b;
Shemansky et al., 2014) and the recent EXCEED instrument on
the Japanese Hisaki spacecraft (Yoshikawa et al., 2014; Yoshioka
et al., 2014). Recent ground-based monitoring of optical S+ emis-
sions are reported by Nozawa et al. (2005) and Yoneda et al.
(2010). Combining observations of line emissions with best esti-
mates of excitation rates has led to increasingly accurate estimates
of ion composition, electron density and temperature (e.g.
Shemansky, 1987; Taylor et al., 1995; Herbert and Hall, 1998;
Steffl et al., 2004b). These studies have shown that the ion compo-
sition and radiative output of the torus is very sensitive to the pres-
ence of small amounts of suprathermal electrons (!1% of total
electron density, Ne, in the Io torus) which are observed to vary –
particularly in the outer torus – with longitude and time
(Shemansky, 1987, 1988; Steffl et al., 2004b, 2006, 2008).

Especially controversial has been the relative amount of O+ vs.
O2+ (called OII and OIII by spectroscopists) in the torus (e.g.
Shemansky et al., 2014). The situation is summarized by Steffl
et al. (2004b), which we feel is worth quoting here:

Determination of the relative ion abundance of O(II) and O(III)
from EUV spectra has been historically difficult (Brown et al.,
1983). This is due primarily to the paucity of bright emission
lines from these ions in the EUV/FUV region of the spectrum.
In marked contrast to the sulfur ion species present in the torus,
O(III) has just three relatively bright spectral features in the
wavelength range covered by UVIS: the brightest centered at
834 Å and the other two at 703 and 1666 Å. Singly ionized oxy-
gen has but one bright spectral feature, located at 833 Å. Initial
analysis of the Voyager UVS spectra focused on determining the
abundance of O(III) by fitting to the multiplet at 703 Å. The O(II)
abundance was then derived by determining the extra emis-
sion required to fit the feature at 833 Å. Unfortunately, the O
(III) multiplet at 703 Å is heavily blended with signifi-
cantly brighter emissions from S(III) centered on 702 Å. Thus,
this approach requires knowledge of the amount of S(III)
along the line of sight and accurate atomic data for O(II), O
(III), and S(III). These difficulties led to the initial analyses
of Voyager UVS spectra concluding that the ratio of O(II) to O
(III) in the Io torus was less than 1 (Shemansky, 1980;
Shemansky and Smith, 1981; Broadfoot et al., 1981).
Since that time, numerous additional analyses of torus observa-
tions at UV and optical wavelengths have confirmed that O(II) is
actually the dominant ionization state of oxygen, with O(III)
being a relatively minor constituent (Brown et al., 1983;
Smith and Strobel, 1985; Shemansky, 1987; McGrath et al.,
1993; Thomas, 1993; Hall et al., 1994; Herbert et al., 2001;
and others).

If we consider only the EUV channel of UVIS, the spectral emis-
sions model concludes that O(III) is the dominant ionization state
of oxygen in the Io torus. This unphysical result occurs because
the model maximizes the amount of O(III) in order to minimize
the model/spectrum discrepancy at 702 Å. With the inclusion of
the FUV channel, there are two additional O(III) spectral lines
located at 1661 and 1666 Å. These lines, first detected in the Io
torus by Moos et al. (1991), place a strong constraint on the
amount of O(III) present in the torus. Unfortunately, they are rela-
tively faint and barely above the level of noise in the UVIS spectra.
Therefore, the values we derive for the mixing ratio of O(III) or O(II)
as a function of radial distance should more properly be thought of
as an upper or lower limit on the actual value. With this caveat in
mind, there is still significantly more O(III) and less O(II) compared
to the Voyager model of Bagenal (1994). The [O(II)]/[O(III)] ratio,

Fig. 1. Schematic of the plasma environment between Io and Europa. About 0.6–
3 ton/s of neutral material is produced at Io, of which 1/2–2/3 leaves the system as
escaping neutrals after charge-exchange reactions, while 1/3–1/2 is transported
outwards as ions. Europa’s escaping atmosphere provides 20–50 kg/s of H2

molecules and O atoms. Inwardly-diffusing energetic protons charge exchange
with this neutral cloud (or perhaps the iogenic plasma) to produce further escaping
energetic neutral atoms (ENAs).

2 F. Bagenal et al. / Icarus 261 (2015) 1–13

Hc	

Bagenal+ 2015
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2. Morphology correlated / symmetric 
to magnetic field orientation


rtot ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2

0 þ r2
bg þ r2

sun

q
: ð1Þ

2.3. Extracted two-dimensional images

Combining the two processed exposures of an HST orbit we
extract 19 images containing the OI] 1356 Å emission, 18 SI
1479 Å images, 16 OI 1304 Å images, and two SI] 1900 Å images.

Example observations at different orbital longitudes are displayed
in Figs. 3–5.

The disk of Io is displaced along the dispersion axis by several
pixels for the individual spectral lines of the multiplets. The mor-
phology is partially blurred or distorted where the displaced disks
overlap. After the rotation of the images into the jovian coordinate
system the dispersion axis is tilted %45! with respect to the
horizontal image axis. The dispersion axis thus extends from
bottom left to top right in the rotated images. The contributing

Fig. 3. Examples of extracted 3RIo & 3RIo STIS OI] 1356 Å observations (upper rows) and the respective modeled images (lower rows) ordered by sub-observer longitudes
(lower left corner, and Table 2). The model parameters are listed in Table 5. The arrow in the lower right corner shows the direction of the background magnetic field. The
green boxes indicate the sub-jovian (solid) and anti-jovian (dashed) equatorial spots. The disk of the brightest multiplet line (‘M’ in Table 1) is shown in white with dotted
longitudes and latitudes. The dashed longitude indicates the upstream/downstream meridian (270!/90! west long.). The sub-jovian/anti-jovian meridian (0!/180! west long.)
is shown as solid line. The dispersed disk locations of the additional multiplet lines are drawn as orange dotted circles. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

L. Roth et al. / Icarus 228 (2014) 386–406 389Io	
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Figures: 

 

 
Fig. S1. Lyman-α, OI130.4 nm and OI]135.6 nm images of the exposures taken during each of 
the 5 HST orbits from October 5, 1999. Jupiter is to the left. Europa is above the plasma sheet 
during the first four orbits and below during the last orbit. The average sub-observer longitude 
φobs, System III longitude λIII, magnetic latitude ψmag and the projected magnetic field line are 
given below. The dotted light blue circles indicate Europa’s location for the secondary multiplet 
lines. The trailing meridian (270º W) is dashed, the sub-anti-Jovian meridian is solid. 3×3 pixels 
are binned and the binned pixels are smoothed for display. 

Europa	

=> Polar aurora – no equatorial spots!  
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OI1356 Å / OI 1304 Å ratio 
=>
 
O / O2 ratio 
 


•  Oxygen line ratios between 
1.5 and 2.8 detected


•  Upstream: < 2

•  Downstream: ≥ 2!

!
=> lower abundance of 
atomic oxygen in downstream 
region


Trailing/ Upstream
Leading/ Downstr.


=> Roth et al., “Europa’s 
FUV oxygen aurora”, JGR, 
under revision
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Hubble Science Summary 



•  HST observations of Europa FUV emissions!
a useful tool to explore the moon and its environment:

–  First detection of global O2 atmosphere in oxygen aurora

–  Detection of coincident Lyman-α and OI 1304 Å surpluses 

indicative of transient H2O plume abundance

–  Large 2014/2015 HST FUV campaign provided!

 (only) upper limits on H2O plume abundance 

–  Detection of plumes hampered by variable plasma 

environment and possibly very transient plume nature

–  Brightness and morphology of oxygen aurora can be used to 

probe Europa’s interaction with the magnetosphere


Roth et al. - HST Europa observations
 25
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Figures: 

 

 
Fig. S1. Lyman-α, OI130.4 nm and OI]135.6 nm images of the exposures taken during each of 
the 5 HST orbits from October 5, 1999. Jupiter is to the left. Europa is above the plasma sheet 
during the first four orbits and below during the last orbit. The average sub-observer longitude 
φobs, System III longitude λIII, magnetic latitude ψmag and the projected magnetic field line are 
given below. The dotted light blue circles indicate Europa’s location for the secondary multiplet 
lines. The trailing meridian (270º W) is dashed, the sub-anti-Jovian meridian is solid. 3×3 pixels 
are binned and the binned pixels are smoothed for display. 



Observing issues 
and future UV telescope

•  H Lyman-α signal essential diagnostic 

to search for plume aurora

•  But: Strong geocoronal contamination 

for HST!



•  8 m telescope at L2:

–  ~10 times higher SNR for 500 R 

Lyman-α plume signal

–  Small (200 km x 200 km) plume 

signal detectable in 2 minutes with 
3 sigma!


Lyman-_ background
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Geocorona	at	H	1216	
and	O	1304	!	
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JUICE and Europa UVS 
Extend SwRI’s UV Instrument Family 



28 

Europa-UVS 
•  Selected by NASA in 2015 to 

serve as the Europa Multi-
Flyby Mission “Plume Hunter”!

•  Europa-UVS Instrument PI: 
Kurt Retherford (Southwest 
Research Institute)!

          Aurora & Airglow Surface Albedos 

1) UV Emissions 2) UV Reflections 3) UV Transmissions 

Stellar & Solar Occultations 

HST-STIS observation of 
H aurora diagnostic of  
water vapor plumes 

LRO-LAMP observation of 
reflected solar Lyα from the 
Moon’s north polar region 

Simulated  Europa-UVS 
observation of a stellar 
occultation by Europa 

LVPS	A	

AP/HP	

HVPS	A/	
HVPS	B	

Gra0ng	

SP	

Tantalum	
Shielding	

C&DH	Board	

LVPS	B	

Detector	

Detector	
Electronics	

OAP	
Sunlight	

Non-	
sunlight	

Mass (CBE+cont.): 6.43 kg plus 11.1 kg shielding = 17.5 kg 

Power (CBE+cont.): 9.7 W 

Dimensions: 34.6 cm x 38.2 cm x 14.5 cm 

Spectral Range: 55-210 nm 

Spectral Resolution: <0.6 nm (point source); <1.2 nm (extended 
source) 

Spatial Resolution: 0.16° (AP); 0.04° (HP), 
Nyquist sampled 

Field of View: 0.1° x 7.3° + 0.2° x 0.2° (7.5° full length) 

Effective Area: 0.6 cm2 @ 125 nm 

Telescope / 
Spectrograph: 

Off-axis Primary / 
Rowland circle mount 

Detector Type: 2D MCP (solar blind), Csl photocathode, cross-
delay-line (XDL) readout, 2048 spectral x 512 
spatial x 256 PHD  

Radiation Mitigation: Contiguous Tantalum / Tungsten shielding (4π 
sr @ detector and electronics) 
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Europa-UVS – Flyby Sequence 

Direct observation of UV emissions from Europa aurora, airglow, surface 
albedo, and other Jovian system atmospheres, and atmospheric absorption 
measurements via stellar and attenuated solar occultation 



•  NASA’s Europa mission might arrive as early as 2025!

•  ESA’s JUICE mission to arrive in 2030 with 2 Europa flybys

•  Future UV telescope above geocorona could be perfect tool 

to observe outer planetary water worlds! 

Outlook



